In the setting of cardiac arrest, refractory ventricular fibrillation (VF) is difficult to manage, and mortality rates are high. Double sequential defibrillation (DSD) has been described in the literature as a successful means to terminate this malignant rhythm, after failure of traditional Advanced Cardiac Life Support (ACLS) measures. The authors herein present a case of refractory VF in a patient with cardiac arrest, on whom DSD was successful in reversion to sinus rhythm, and provide a thorough review of similar cases in the literature.
Introduction
Ventricular fibrillation (VF) is the most common initial heart rhythm in patients with out-of-hospital cardiac arrest (OHCA), and the most salvageable one [1, 2] . Current guidelines call for prompt and repetitive defibrillation in the setting of ventricular fibrillation (VF) during cardiac resuscitation [3] . Early defibrillation is key, but its success largely depends on several other factors, including: witnessing of the arrest, early bystander cardiopulmonary resuscitation (CPR) and most importantly, the time from arrest to the first shock [4] .
However, even with defibrillation, VF can persist or recur repeatedly in a subset of patients, despite standard pharmacologic therapy and multiple defibrillations (at least 3 attempts at 200 joules (J) of biphasic current) [5] . When refractory VF happens, the mortality rates can reach up to 97% [6, 7] . Several case series have described the success of double sequential defibrillation (DSD), in which two near-simultaneous shocks are delivered using two defibrillators, in terminating refractory VF in the setting of cardiac arrest. This is a case review of patients with refractory ventricular fibrillation on whom double sequential defibrillation was attempted. We also report on a patient with refractory VF secondary to OHCA who successfully reverted to sinus rhythm following double sequential defibrillation in an Emergency Department of a tertiary care center.
Objectives
The objective of this case review is to report on a series of patients with refractory ventricular fibrillation, on whom double sequential defibrillation was used. This approach is relatively new, and to our knowledge, there are no reviews that shed the light on the use of double sequential defibrillation in cardiac arrest patients. This case review will hopefully be an educational opportunity in its use, and will be a step towards future research in this area.
Literature review and methods
A literature review of the published cases of DSD in patients with cardiac arrest was done using the following databases, between 1946 and 2018: PubMed, Google Scholar, Cochrane library, and Medline. Search terms included: "Heart Arrest", "Electric Countershock", "Ventricular Fibrillation", "Out-of-hospital Cardiac Arrest", "Cardiac arrest", "Defibrillation", "Double Sequential Defibrillation", "Refractory Ventricular Fibrillation", "Dual Shock", "Dual Defibrillation", "Double Simultaneous Defibrillation". The search revealed 12 published papers on the use of double sequential defibrillation in refractory ventricular fibrillation in the setting of cardiac arrest; describing a total of 38 cases [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Study selection was accomplished through 2 levels of study screening. At level 1 screening, abstracts were reviewed for the following exclusion criteria: lack of dual defibrillation, lack of refractory ventricular fibrillation; languages other than English. Full articles were then obtained for all studies accepted. For level 2 screening, inclusion required that the studies dealt with an unprovoked cardiac arrest or occurrence of ventricular fibrillation outside the context of electrophysiological studying, and reported information on individual patients rather than summary statistics (Fig. 1) . Tables 1 and 2 summarize the published cases found in the literature review according to; demographics, presentation, resuscitative parameters, and outcome. The tables serve as a quick reference of the currently available literature. Out of the 38 patients, 6 patients were defibrillated by DSD in the Emergency Department and the rest were defibrillated on the scene or in the ambulance by Emergency Medical Services (EMS) health care providers. Three of the patients had in-hospital cardiac arrests.
To describe the gathered data, the Statistical Package for Social Sciences (SPSS), version 24.0 was used. Descriptive statistics were summarized by presenting the number and percentage for categorical variables and mean and standard deviation (SD) for continuous variables.
Case
A 69-year-old male with a past medical history of hypertension, coronary artery disease with previous stent placement, obstructive sleep apnea, and a scheduled cardiac catheterization the next day, was brought by EMS for an out-of-hospital cardiac arrest, with a down time of approximately 25 min, to the ED of a tertiary care academic medical center. The arrest was witnessed by family members who immediately called EMS. However, they did not start chest compressions. The EMS arrived and started hands-only CPR, but were not equipped with a defibrillator. Upon arrival to the ED, the patient was in asystole. He was promptly intubated and Advanced Cardiac Life Support (ACLS) was initiated and the patient went into ventricular fibrillation. During 22 min of resuscitation, the patient received 7 doses of intravenous (IV) epinephrine (1 mg of 1:10,000), 2 doses of IV amiodarone (300 mg and 150 mg), one dose of IV calcium gluconate (2 g), one dose of IV magnesium sulfate (2 g), two doses of IV sodium bicarbonate (100 milli-equivalents each) and 8 total asynchronized shocks (apexsternum defibrillator pad placement) but was still in refractory VF.
At this stage, the ED team decided to attempt double sequential defibrillation. The paddles of the second defibrillator were placed in an anterior-posterior central position. Coordination of dual defibrillation happened "on the count to 3", and 200 J were concurrently delivered from each defibrillator in the 22nd minute of resuscitation. Immediately, there was return of spontaneous circulation (ROSC) as the patient's ventricular fibrillation terminated and he went into sinus bradycardia at a rate of 50 beats per minute, with a blood pressure of 157/ 82 mm Hg. He remained in sinus bradycardia for 11 min but unfortunately had further pulseless electrical activity (PEA) with no ROSC, despite resuscitation.
Discussion
Myocardial infarction (MI) is the single largest killer of men and women in the United States, resulting in N475,000 deaths each year [20] . One MI related dreaded aftermath, refractory ventricular fibrillation (RVF), is generally defined as ventricular fibrillation that does not remit after at least three defibrillation attempts and does not end with ROSC after N10 min of CPR [21] . RVF is a challenge to most ACLS providers [22] .
We reviewed 38 cases extracted from 12 different papers, and the case described above, for a total of 39 cases. All patients included in this review suffered from refractory ventricular fibrillation secondary to cardiac arrest. We sought to provide the readers with descriptive statistics for practical purposes.
The majority of the patients in this review were males, and the mean age was 60 years ± 17. Most cardiac arrests occurred out-of-hospital and were witnessed by a bystander, who initiated CPR. The first documented heart rhythm was most frequently VF, followed by asystole. Furthermore, the average number of single shocks received was 6 ± 3, and that of DSD shocks was 2 ± 1. The mean time to DSD was 31.4 min ± 12.2. VF was successfully terminated in 76.9% of patients and ROSC was achieved in 53.9% of them. The majority (64.1%) however, passed away within 24 h of arresting. Ultimately, 28.2% of the patients included in this review had a Cerebral Performance Category (CPC) score equal or b2 at discharge from the hospital. This information is summarized in Table 3 .
We chose to report on patients' CPC score because it incorporates cognitive and functional domains to assess for brain recovery. It's a five-point scale that is often measured at hospital discharge, and is often utilized in research and programmatic reports to link heart resuscitation to brain recovery while assessing for favorable survival [23] . The CPC at hospital discharge is often a useful surrogate predictor of long- term survival. A CPC of 1 indicates good cerebral performance and that of 2 indicates moderate cerebral disability [24] .
A retrospective study by Ross et al. that compared 50 patients who received DSD versus 229 who received single shocks following OHCA found no statistically significant difference in mortality, ROSC or CPC score, when comparing the two groups. Three out of the 50 patients (6%) who received DSD had a CPC score equal to 1 or 2 [25] .
Despite, the unfeasibility in inferring meaningful clinical associations from our gathered data, we aimed at simply describing the differences in patients characteristics, cardiac arrest parameters and outcomes between patients who were discharged with a CPC of ≤2 and those who had a CPC of N2 (including patients who died).
Interestingly, patients who were discharged with a CPC of ≤2 were younger, received more bystander CPR, had a shorter time-to-initiation of CPR and had more VF as an initial rhythm -as compared to those who had a CPC of N2. Similarly, they had shorter time-to-DSD intervals and resuscitation times. This information is summarized in Table 4 .
Nichol et al. showed that among EMS-treated patients with OHCA, 23% have VF or Ventricular Tachycardia as an initial rhythm, or have a rhythm that's shockable by an automated external defibrillator (AED) [26] . In treating VF, the 2015 American Heart Association guidelines advocate the use of effective CPR, initial supplemental oxygen via bag valve mask ventilation with consideration of advanced airway management (through endotracheal intubation or supraglottic airway device), early defibrillation, Epinephrine and Amiodarone [27] .
Refractory VF on the other hand, has an estimated prevalence of 10% among all OHCA victims [28] . It is known that over 80% of patients with recurrent or refractory VF will fail to achieve ROSC [29] . It is therefore important to understand the factors behind VF refractoriness.
For instance, success of defibrillation depends on multiple variables, including the amount of time in VF, body habitus, total defibrillator energy used, chronic lung disease, anti-arrhythmic agents and energy waveform [30] [31] . For example, when compared to monophasic shock, biphasic waveforms have demonstrated better success rates [32] [33] [34] . Equally, body habitus is an essential determinant as well, as obesity can impede amount of energy that is delivered to the heart. In fact, in a study performed on a swine model, body mass had an inverse relationship with defibrillation success [35] . The patient we reported was obese, which may justify his intractable VF, despite multiple single shocks.
The amount of energy used is also a central factor when evaluating defibrillation success. Indeed, in atrial fibrillation patients, studies have shown that increased levels of energy result in higher rates of cardioversion [36] [37] [38] . However, there is conflicting evidence on whether higher energy is more successful in terminating VF after the initial shock, but an improved success rate for subsequent defibrillations has been demonstrated [39] [40] [41] [42] . Although chest wall damage or myocardial stunning are concerns that emerge when considering higher energy defibrillation, several studies have proved safety in humans [39] .
With this in mind, DSD is the process of using two defibrillators near-simultaneously at their highest allowed energy setting, and aims to treat RVF. It has been studied in as early as the 1940's and remains a subject of debate for researchers [43] . The first set of pads is placed in the traditional anterolateral position and the second sets can be either CAD = coronary artery disease; F = female; M = male; OSA = obstructive sleep apnea; s/p = status post; DM = diabetes mellitus; HTN = hypertension; NR = not reported; PEA = pulseless electrical activity; VF = ventricular fibrillation.
placed adjacent to the first set (antero-lateral) or in the antero-posterior position. Shocks are then delivered simultaneously or nearsimultaneously. How and whether DSD is advantageous over single defibrillation has been a subject of debate.
In a study on a canine model, Chang et al. hypothesized that more than one shock over different pathways can depolarize a larger mass of myocardium. They subsequently demonstrated that double sequential shocks over different pathways decrease both peak voltage and total energy required to terminate VF [44] .
In another study by Hoch et al. on patients undergoing routine electrophysiological testing, 5 patients developed refractory VF and were successfully resuscitated using two sequential shocks delivered 0.5 to 4.5 s apart. They suggested that double-sequential shocks given at optimal intervals may override the relative refractory period of cardiac muscle; which is particularly vulnerable to VF re-induction. They also hypothesized that DSD helps in overcoming the transthoracic impedance, resulting in a more efficient electrical delivery [45] .
In this review, the patients who were discharged from the hospital with good neurological outcomes (CPC ≤ 2) had lower mean time to DSD and total resuscitation times than their counterparts. While it is not possible to generate statistically and clinically significant implications, health-care providers should astutely balance between using DSD as a last resort when dealing with refractory VF, and the potential importance of early DSD. Decision-making should be guided by cognizance of the risk factors that contribute to developing refractory VF, mentioned above. Further studies are required to generate a prediction model of DSD success, and ensuing data can be used in the decisionmaking process of when to use DSD during resuscitation.
Conclusion
Refractory ventricular fibrillation in the setting of cardiac arrest is not uncommon. Previous published data shows promising results with the use of double sequential defibrillation. Randomized controlled trials are required to institute recommendations on its use and implementation in ACLS algorithms.
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